Abstract-This paper describes a novel and low-cost test technique that is capable of detecting process related defects such as opens and shorts in multichip module (MCM) substrates. This method is an alternative to existing test methods such as electron beam, capacitance, resistance, and electrical module test (EMT) techniques which are either expensive in terms of test equipment, are cumbersome due to the requirement of multiple probes, have low throughput or provide poor defect coverage. The proposed test method applies a stimulus through a resonator at only one end of the interconnect using a single-ended probe. By measuring the attenuation of the test stimulus due to pole movement relative to known attenuation measurements, interconnect faults such as near-opens, near-shorts, opens, and shorts can be detected. The total test time is projected to be similar to a capacitance method and the hardware cost of test equipment is low. This paper discusses the theoretical details, simulation results, resolution, implementation, and validation of the technique.
I. INTRODUCTION
E LECTRONIC packages provide a means for interconnecting, powering, cooling, and protecting integrated circuit (IC) chips. This is made possible through interconnections between active devices, such as integrated circuit chips or between other discrete components, mounted on the package. Since semiconductor chips are expensive, a testing scheme is necessary to insure the integrity and performance of all the package interconnection paths. This is a two-step process, namely, initial testing of the interconnection paths prior to attachment of the active devices (chips) must be performed and subsequently the assembled package must be tested. The testing of interconnections prior to die attachment is called substrate test and is used to guarantee a defect free substrate. This is a screening process to ensure that the interconnections do not contain defects introduced during fabrication and ensures that known-good-dies (tested die that are good) are not assembled onto defective substrates, thus minimizing the wastage of expensive die. Functional testing is a follow-on to substrate testing and represents the testing of the package after die attachment, to assure a defect free system. This ensures that no defects were introduced into the known-good-die during the assembly operation and that all the terminals of the die are connected to each other, in the manner desired. Both test categories may include repair processes and engineering change schemes to minimize the wastage of fabricated substrates due to process defects. Both substrate and functional testing form part of the MCM fabrication process as shown in Fig. 1 . This consists of substrate test to guarantee a known good substrate, assembly of known good die after burn-in, and final functional test prior to shipment. The flow in Fig. 1 is similar for a wide range of single and multi-chip packaging technologies. This paper is organized as follows. The first section describes the test method under development at Georgia Tech with details on set-up and theory. The second section discusses simulation results for opens and shorts testing. The third section discusses the experimental test vehicle to validate the method. The fourth section provides a discussion of the experimental results and the last section discusses the application of the method to multidrop interconnections.
II. TEST METHOD
Consider a multilayered package as shown in Fig. 2 , consisting of multiple layers of metalization separated by dielectric layers. As an example, MCM-D substrates may consist of wiring layers sandwiched between power (VDD) and ground (GND) planes, providing an impedance controlled environment for the interconnections, as shown in Fig. 2. 1070-9894/97$10.00 © 1997 IEEE As the layers are fabricated, defects such as opens and shorts may be introduced in the wiring layers, through the presence or absence of conductive material along the interconnection length, or through the thinning of dielectric layers. In certain other cases, physical imperfections such as near-opens and near-shorts between interconnections may occur. These classes of defects are of particular concern since they can result in unexpected failures in further processing or during customer usage. Examples of opens, shorts, latent opens and latent shorts are shown in Fig. 3 . Further details on defect types are available in [1] .
During processing, defects are detected through visual and optical inspection, where each layer is inspected individually and defective interconnections are either repaired, or the substrate is rejected for unrepairable defects. Though every layer is inspected for opens or shorts, temperature and process stressing of subsequent layers may induce defects on interconnections, which therefore need to be tested, prior to die attachment. Testing is impractical either through visual or optical inspection, since the wiring is embedded in the substrate, as in Fig. 2 . Hence, a final test is required through the top and bottom surface pads of the substrate after all the layers are fabricated. This test is called Substrate Test and is used to detect defects on interconnections buried in the substrate.
Numerous techniques are currently being pursued for substrate test such as capacitance [2] , resistance [3] , combination of resistance/capacitance, electron beam [4] - [7] , EMT [8] , and time domain network analysis (TDNA) [9] The method used dictates the dwell time on the pads for the probes, assuming similar probes are used (flying probes versus cluster probes). For example, high speed capacitance testers with dwell times < 10 ms are available today, whereas the dwell times for EMT testers are closer to 50 ms. Test times can be further reduced using the bed of nails tester discussed in [3] and [10] .
A qualitative comparison is provided in Table I for the total test time assuming high wiring densities, with further details available in [10] . The open and short resolution in the table indicates the nature of the defects that are detected by the various test techniques. A small value for opens and large value for shorts represent good resolution. For example, capacitance testing is ideal for opens testing but has poor resolution for shorts testing. However, E-Beam testing is ideally suited for shorts testing. Among the methods shown in Table I , only EMT has the capability of detecting latent opens with none of the methods providing a capability for detecting latent shorts. This paper introduces a novel method for latent opens and shorts testing which offers significant advantage over present techniques. The method is based on the use of a single probe head in series with a high Q resonator [11] - [13] . The resonator modulates the AC response of the interconnections, producing a change in the frequency response in the presence of defects. The following sections explain the theory and measurement results on the new substrate test method.
A. Test Set-Up
Consider the test set-up shown in Fig. 4 . This consists of a voltage source ( ), a tuned resonator, and an interconnection buried in the substrate. The interconnection is accessible from the top surface of the substrate through pads, as shown in ) for a defect-free interconnection and response 2) is that for an interconnection with a defect. The magnitude of the differential voltage is a function of the size and position of the defect and hence, can be used to provide information on the characteristics of the defect. The phase response ( ) is shown in Fig. 5 (b) for a defectfree and defective interconnection for the same defect of Fig. 5 (a). Defects cause a change in the phase response with the phase shift being the function of the defect type, as shown in Fig. 5(b) . In the figure, opens and shorts create forward and backward shifts, respectively, relative to the defect-free phase response. Fig. 5 (a) and (b) represent the principle behind the test method used in this paper where the magnitude response separates defective from defect-free interconnections and the phase response can be used to diagnose the defect type (open or short). The two responses can then be combined for complete diagnosis of the defects.
In Fig. 4 , the resonator represents the most important constituent of the set-up. In the absence of the resonator, the response has minimum variation for defective and defectfree interconnections unless high frequency signals are used as in TDNA, that complicates probing and test equipment hardware.
The test technique relies on detecting shifts in the resonantfrequencies of the interconnect under test in the presence of defects. Typical line lengths in MCM substrates are less than 4 cm, producing standing wave resonances of frequencies larger than 1 GHz for open ended transmission lines on substrates with . By using a resonator tuned to 711 MHz as shown in Fig. 4 , it is possible to perform detection of interconnect defects at a much lower test frequency, thereby lowering overall test cost.
The reference signal of Fig. 4 must be calibrated to correspond to that for a defect-free interconnect under test. This can be achieved by analyzing the interconnects as transmission lines which can then be defined by three parameters namely, attenuation ( ), propagation constant ( ), and characteristic impedance ( ). Knowing the parameters , and (through measurements on a test vehicle), the frequency response for defect-free interconnects in the presence of a resonator can be computed through analytical expressions. For each defect-free interconnect, its fault-free magnitude and phase response at the chosen test frequency can be then computed. These values are stored in a look-up table for every substrate interconnection. In our experiments, the upper 3-db frequency point of Fig. 5(a) was chosen as the test frequency.
B. Theory
MCM interconnections are of two basic types: namely lossless (e.g., MCM-C) and lossy (e.g., MCM-D), details of which are available in [15] . Consider a lossless, defect-free interconnect forming part of the test set-up in Fig. 4 . The analytical transfer function ( ) in Fig. 4 is given by (1) where , is the propagation constant of the transmission line, is the length of the interconnection, and is the transmission line characteristic impedance. In (1), , , and are the probe resistance, resonator inductance, and capacitance, respectively. Inductance and capacitance represent transmission line parameters (per unit length) resulting in a line characteristic impedance of . For a lossy line, the transfer function is similar to (1) and is given by (2) where ( ), is the attenuation constant, is the line resistance (per unit length), is the angular frequency, and is the frequency dependent transmission line characteristic impedance. In (1) and (2), the dielectric loss is assumed negligible, which is a good assumption for materials used in MCM substrates.
Consider a lossy interconnection containing a near-open defect as shown in Fig. 6(a) . The defect leads to a constriction in the metal line width which can be represented by two transmission lines connected through a resistor as in Fig. 6(b) . The resistance , where , , , and are the resistivity, length, width, and thickness of the constriction, Consider next a short defect between two lossy interconnections, as shown in Fig. 7(a) . The structure can be represented by an equivalent circuit consisting of two transmission lines connected through a capacitor as in Fig. 7(b) . The capacitance includes the coupling at the defect location and self capacitance of the adjacent line. The transfer function for the shorts defect is similar to (3) with (4) The transfer functions in (1)-(4) can be used to create a look-up table as a functions of defect parameters (size, Table II shows the analytical expressions derived for short interconnections ( ) using (1), (3), and (4), assuming lossless interconnections. From the table, the denominator of the transfer function can be separated into a set of complex conjugate poles. These poles have been plotted in Fig. 8 as a function of the open ( ) and short ( ) defect size, assuming that the defect is located at the center of the interconnection. As can be seen from the figure, the pole moves as a function of the size, with the defect type dictating te direction of movement.
III. SIMULATION RESULTS
In the following, Hspice [14] simulation results for various defect conditions are discussed.
A. Opens Test
Test of interconnects containing defects that lead to a complete break or near break of an interconnection is called opens test. The resolution of the opens test is measured by the defect resistance in Fig. 6 with larger values indicating opens and smaller values depicting near-opens. Consider an interconnection with line characteristics 4.4 /cm, 3.75 nH/cm, 1.5 pF/cm, as in MCM-D substrates [15] . Assuming transverse electromagnetic (TEM) wave propagation [16] with no frequency variation for , , and (for simplicity), the transmission line parameters are The amplitude response (defect-free) (defec-(tive) of the measured differential voltage using the test setup of Fig. 4 for varying defect sizes and locations is shown in Fig. 9 and Fig. 10 , respectively. A measurement frequency of 709 MHz was used in both figures, with a resonator tuned to 711 MHz. In Fig. 9 , the defect is assumed to occur at the center of a 2 cm long line. Variations in the length and widths of constrictions have been translated into resistance values . For example, a value of 1.1 corresponds to a defect with 2.5 m, 250 m, and 25 m, where
As can be seen from the figure, larger defect sizes produce larger differential voltages. Assuming a noise level of 200 mv (due to variations in line width, obtained by Monte Carlo simulation), a minimum defect resistance of 0.22 can be detected for a 2 cm long interconnect.
The differential voltage as a function of defect position for a fixed defect size is shown in Fig. 10 . Since a single end of the interconnect is probed, defects at the far end of the line produce smaller differential voltages. With a noise level of 200 mv, defects can be resolved to within 1 mm of the far end, 
B. Shorts Test
Test of interconnects containing defects leading to a connection or near connection of two individual interconnections is called shorts test. This defect manifests itself through the flaring of lines due to process variations or through process defects, leading to an increase in capacitance at the defect location (see Fig. 7) . A large capacitance represents a complete short with smaller values representing near-shorts.
Differential voltages for the shorts test using the proposed technique are tabulated in Table III for three line lengths and two defect sizes. The defects were assumed to be located at the center of the line. Based on simulation, with a noise level of 200 mv, the shorts resolution was estimated to be 20 fF, for a 2 cm line with a total capacitance of 3 pF.
IV. EXPERIMENTAL VALIDATION
This section discusses the validation of the test method using S-parameter network analyzer measurements. Vector network analyzers measure the transmission and reflection characteristics of devices and networks by applying a known swept signal from a synthesized source. Device reflection parameters such as reflection coefficient, return loss, SWR, complex impedance, and transmission parameters such as insertion loss, phase, gain, and isolation can be measured using the instrumentation. measurements have been used here which represent 1-port measurements, and are similar in concept to a single ended probe used in Fig. 4 .
Consider Fig. 11 with the source ( ) forming part of a network analyzer with output impedance . Since is a measurement of the reflection coefficient , at the network analyzer output, the relationship between and can be derived to be (8) were and is the input impedance of the transmission line. Hence, based on (8), measurements provide a one-to-one mapping to the transfer function , and has been used here to validate the test method.
A. Measurement Set-Up
Consider the set-up shown in Fig. 11 which is similar to the set-up in Fig. 4 with the difference that the resonator has been introduced in parallel to the interconnect being probed. This was necessary to incorporate the resistor to tune te response of the network analyzer, to obtain a sharp frequency response. Though a parallel resonator implementation is shown here, a series implementation as in Fig. 11 is equally applicable. Consider a resonator tuned to 711 MHz with 4712 , 2.69 nH, 18.66 pF. The reflection coefficient measured through is (9) where , and is the input impedance of the interconnection. Assuming 50 , the parallel combination of the resonator and tuning resistor acts as a band pass filter, with the pass-band in the vicinity of the tuning frequency. The characteristics of the bandpass can be controlled by the value of the tuning resistor . The interconnection acts as a load on the resonator response by shifting the resonant frequency. The magnitude of the reflection coefficient from (9) has been plotted in Fig. 12 for 1000 , 100 , and 50 for a 2 cm interconnection, showing the effect of the tuning resistor on the magnitude response. Since 50 produces the sharpest in the passband, it has been used in the measurement set-up. From Fig. 12 it is important to note that the response is inverted compared to Fig. 5(a) . This is due to the use of a parallel resonator in the measurement set-up. The equations and theory developed earlier remain unchanged.
B. Test Vehicle
The cross section of a substrate that was fabricated for the experiment is shown in Fig. 13 . It consists of two metallization levels; namely, and interconnect layer, and a ground plane, separated by a glass substrate. The metallization layers were Since the interconnections act as microstrip lines in an airdielectric interface, the effective dielectric constant in (10) is (11) Details on the derivations of (10) and (11) are available in [18] .
Five categories of interconnections were fabricated on the substrate, namely defect-free, open, near-open, short, and nearshort, with the dimensions of the defects carefully designed.
The substrate was mounted on a metal box using liquid conductive glue with the interconnections exposed on the top surface. A coaxial resonator (Trans-Tech part SR8800SPQ0711BY) with , 711 MHz, and tuning resistor ( 50 ) were mounted on the substrate in parallel to the interconnections, as in Fig. 14 . SMA connectors were mounted on the box to provide access to the interconnections, as in Fig. 11 . SMA connectors were mounted on the box to provide access to the interconnections and ground plane. The fabricated test vehicle is shown in Fig. 14.
V. RESULTS
To demonstrate the utility of the tuned resonator of Fig. 11 , measurements for defect free and defective lines were without and with the resonator in place. These are discussed below. Fig. 15(a) and (b) . The resonances on the open-ended transmission line occur at , where is the wavelength in the propagation medium. From (11) , for the interconnections, resulting in resonances at GHz, 2.27 GHz, 3.41 GHz, 4.55 GHz which agrees with the network analyzer measurements in Fig. 15(a) . As an example, an open defect of 20 m was introduced at the middle of the 2 cm line without the tuned resonator. The response between the defect free and defective interconnections were very similar and the difference between them could not be easily separated [see Fig. 15(b) ].
B. With Resonator
The magnitude and phase responses of the interconnections discussed in the previous section were next measured using the set-up of Fig. 11 with the resonator and tuning resistor included. The responses are shown in Fig. 16 . The resonator creates a sharp frequency response for both defect free and defective interconnection, with the resonant frequency changing as a function of the loading fro the interconnections. In Fig. 16 , the open defect produces a shift in the resonant frequency to 701 MHz (as compared to 690 MHz for defectfree interconnection), leading to a change in the magnitude and phase response. Since the defect-free and defective interconnects have a sharp magnitude response with dB levels of 17.1 and 21.2, respectively, at the resonant frequency, the differential dB levels are easily measurable.
C. Open versus Shorts
measurements on our experimental test vehicle for a short defect and a defect free interconnection are shown in Fig. 17. Comparing Fig. 17 to Fig. 16 , the open defect shifts the response to the right as opposed to a short defect, in comparison to the defect free response. This agrees with the concept developed earlier for separating open and short defects. In Fig. 17 , the short defect produces a shift in the resonant frequency to 639 MHz (as compared to 690 MHz for defect-free interconnection), leading to a change in the magnitude and phase response. The defect-free and defective interconnects have a sharp magnitude response with dB levels of 17.1 and 20.1, respectively, at the resonant frequency.
D. Differential Measurement
Differential measurements for magnitude and phase are shown in Fig. 18(a) and (b) , respectively. In the example, the open (100 m wide) defect was moved from the far end to the near end of the interconnection and the response subtracted from the defect free response. The measurements were taken at the test frequency of 700 MHz with a 711 MHz tuned resonator. The open defects were next analyzed using HP's microwave design system (MDS) simulator and the actual measured data superimposed. The simulation data was calibrated with measured data in fault-free case as shown in Fig. 19 to null out the parametric differences between the simulator and the actual measurement. In the figure, simulated values are very similar to the measured values. As can be seen from Fig. 19(a) and (b) , the measured values are close to the simulation values, with an error 0.3 dB for dB measurement and 4 for phase with an open defect which is located 0.5 cm from the far end. A slight higher difference for the defect in the middle of the 2 cm long interconnect indicates a slight inaccuracy in modeling of the transmission line.
VI. APPLICATION OF TEST METHOD FOR MULTIDROP NETS
In the earlier sections, the test method was applied to singledrop, point-point nets for defect detection. Since most MCMs contain mutidrop nets (ex: one driver to many receiver connection), the test method has been applied to these categories of nets in this section.
Consider a two-branch net as shown in Fig. 20 of three interconnections in a balanced configuration. Let each branch length be denoted as , , and . The input impedance is (12) where (13)
Therefore, the transfer function at the input of the -branch (Fig. 20) is (15) where Consider a complete open defect at the middle of the branch. The voltage response at the input of the -branch for both the defect free and defective case are shown in Fig. 21  (branch length of 1 cm) showing a movement in the resonant frequency, indicating that multidrop nets behave similarly to point-point nets. However, as expected, the defect resolution capability is a function of the complexity of the multidrop net. Since the response of the multidrop net is a function of the proximity of the defect to the terminal probed, each terminal of the multidrop net can be probed sequentially to amplify the response. Further details are available in [19] . Based on simulations, for the balanced -net, open defects of 8 and shorts of 0.1 pF (on branches or ) could be detected successfully by probing the terminal on branch . Smaller defects can be detected by probing terminals on branches or .
VII. CONCLUSION
In this paper a new method for testing MCM substrates is described. The test technique involves a single ended probe measurement at a test frequency of 711 MHz. The probe incorporates a tuned resonator which is available as an offthe-shelf part. Extensive simulations and measurements have been used to validate the proposed test technique. Using the technique, open defects of 0.22 and short defects of 2 fF can be detected for a 2-cm long line, assuming point-point connections. With the new test technique, testing of multilayer substrates is possible through the terminal metallurgy of the substrate with high fault coverage. Simulations and measurements indicate that the method provides high resolution and good defect coverage.
